the survival of mice in a NOTCH1-dependent model of T-ALL. The survival advantage is unrelated to the leukemic cell burden but is associated with the SOCE-dependent ability of malignant T lymphoblasts to cause inflammation in leukemia-infiltrated organs. Mice with STIM1/STIM2-deficient T-ALL show a markedly reduced necroinflammatory response in leukemia-infiltrated organs and downregulation of signaling pathways previously linked to cancerinduced inflammation. Our study shows that leukemic T lymphoblasts cause inflammation of leukemia-infiltrated organs that is dependent on SOCE.
In Brief
T cell acute lymphoblastic leukemia (T-ALL) is an aggressive cancer of T cell progenitors affecting children and adults. Saint Fleur-Lominy et al. show that calcium influx mediated by STIM1 and STIM2 promotes the proinflammatory function of leukemic cells and premature death from leukemia.
INTRODUCTION
T cell acute lymphoblastic leukemia (T-ALL) is an aggressive neoplasm of T cell progenitors that affects children and adults (Inaba et al., 2013) . T-ALL is caused by activating mutations in the NOTCH1 pathway in over 50% of patients (Ferrando, 2009; Inaba et al., 2013) . NOTCH1, a master regulator of T cell development, is activated by its ligands Jagged-1 and the delta-like ligand (DLL) family (Radtke et al., 2013) , which initiate the proteolytic cleavage of the NOTCH1 intracellular domain (ICN1), its nuclear translocation (De Strooper et al., 1999) , and transcription of NOTCH1 target genes. NOTCH1 mutations in T-ALL patients frequently occur in the proteolytic cleavage sites of NOTCH1 and/or its PEST sequence generating NOTCH1 oncogenes with autonomous signaling and/or an extended half-life (Weng et al., 2004) . Despite significantly improved cure rates of pediatric T-ALL, novel therapies fail to rescue patients with relapsed or primary refractory disease (Dores et al., 2012) . Clinical application of NOTCH1 inhibition has been unsuccessful because of unexpected side effects (Ryeom, 2011) . It is therefore important to investigate alternative pathways as potential targets of T-ALL therapy. Multiple studies have demonstrated the importance of the leukemia microenvironment for disease development and outcome (Chiarini et al., 2016; Passaro et al., 2015; Pitt et al., 2015) . A complex interaction of the leukemic cells with cells of specific niches within various organs results in tissue remodeling and modulation of leukemia biology (Hawkins et al., 2016; Pitt et al., 2015) , but many key components of that interaction are not fully understood.
Calcium (Ca 2+ ) is a versatile secondary messenger in many cell types that regulates many cell functions. In resting cells, the intracellular Ca 2+ concentration ([Ca 2+ ] i ) is low (~50 nM). Stimulation of cells increases the [Ca 2+ ] i with wide-ranging effects on cell function. Several reports have documented aberrant Ca 2+ signaling in cancers in patients and animal models, and mutations in molecules that control Ca 2+ homeostasis have been associated with increased tumor incidences (Bergmeier et al., 2013; Monteith et al., 2007; Roderick and Cook, 2008) . In T-ALL, inhibition of calcineurin, a Ca 2+ -dependent serine phosphatase, with cyclosporin A slowed leukemia progression and prolonged survival in a murine model of T-ALL (Gachet et al., 2013; Medyouf et al., 2007) . A small interfering RNA (siRNA) screen identified sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA) that transports Ca 2+ from the cytoplasm into the ER as important regulators of oncogenic NOTCH1 signaling and survival of leukemic T cells (Roti et al., 2013) . Furthermore, conditional deletion of all three inositol 1,4,5-trisphosphate receptors (IP 3 R), which release Ca 2+ from the ER into the cytoplasm, in thymocytes resulted in spontaneous T-ALL development that was associated with increased NOTCH1 expression (Ouyang et al., 2014) . These studies indicate that ER Ca 2+ signaling is an important regulator of NOTCH1 expression and T-ALL development. By contrast, the role of Ca 2+ influx across the plasma membrane in T-ALL pathology is unknown.
Store-operated Ca 2+ entry (SOCE) is a ubiquitous Ca 2+ influx pathway (Prakriya and Lewis, 2015) , which is triggered by binding of receptors that activate phospholipase C and production of IP 3 resulting in the release of Ca 2+ from the ER via IP 3 Rs. The resultant reduction in the ER Ca 2+ concentration activates two ER membrane proteins, stromal interaction molecule 1 (STIM1) and STIM2 (Liou et al., 2005; Roos et al., 2005) . In their activated state, they bind to the Ca 2+ release-activated Ca 2+ (CRAC) channel protein ORAI1 in the plasma membrane, which is the main conduit of SOCE (Feske et al., 2006; Vig et al., 2006; Zhang et al., 2006) . SOCE is essential for physiological T cell function and patients with null mutations in STIM1 or ORAI1 genes are severely immunodeficient (Lacruz and Feske, 2015) . Several studies have implicated SOCE in various solid tumor types (Bergmeier et al., 2013; Xie et al., 2016) , where it was shown to regulate the cell cycle and proliferation, angiogenesis, migration, invasiveness, and metastasis (Chen et al., 2011; Umemura et al., 2014; Wang et al., 2015) . The role of SOCE in leukemia, by contrast, is unknown.
(BM) progenitor cells abolished SOCE in leukemic cells and significantly prolonged the survival of mice with T-ALL. This survival advantage was unrelated to the proliferation and apoptosis of leukemic cells or the leukemia burden of mice but was associated with strongly attenuated inflammation and damage of organs infiltrated by leukemic cells. We identified cytokines, chemokines, and other pro-inflammatory pathways previously linked to cancerinduced inflammation to be controlled by SOCE in leukemic T lymphoblasts. Our findings indicate that SOCE is a critical signaling pathway that enables leukemic cells to cause detrimental tissue inflammation, which has important implications for T-ALL treatment and outcome.
RESULTS

Deletion of STIM1 and STIM2 Prolongs Survival in a NOTCH1-Driven Model of T-ALL
Given the importance of SOCE for T cell function (Feske et al., 2012; Lacruz and Feske, 2015) and ER Ca 2+ homeostasis for T-ALL (Ouyang et al., 2014; Roti et al., 2013) , we investigated the role of SOCE in T-ALL. We first compared the expression of all three ORAI and two STIM genes in T-ALL to that in other human cancer types (Barretina et al., 2012) . mRNA levels of STIM1 and ORAI1 were highest in human T-ALL compared to 40 other cancers. STIM2 and ORAI2 were both more highly expressed in T-ALL than most other cancers (ranked 11 of 40) whereas ORAI3 mRNA levels were low in T-ALL (ranked 34 of 40) ( Figures 1A, 1B , and S1; Tables S1 and S2). These data suggested that the SOCE pathway, an in particular ORAI1 and STIM1, is important in T-ALL. To functionally test this interpretation, we used a well-established BMtransfer model of T-ALL in which overexpression of the constitutively active intracellular domain ofNOTCH1 (ICN1) in lineage negative (lin -, i.e., CD3ε, CD4, CD5, CD8, CD11b, Gr-1, B220, and Ter-119 negative) c-kit + BMprogenitor cells induces a lethal T-ALL-like disease in mice ( Figure 1C ; Li et al., 2008) . Mice injected with ICN1-transduced BM progenitor cells, like human T-ALL patients, accumulate leukemic cells in their BM, spleen and other organs. We generated STIM1/STIM2-deficient BM progenitor cells by treating Stim1 fl/fl Stim2 fl/fl Mx1-Cre mice with poly(I:C) to induce Cre expression and deletion of Stim1 and Stim2 in all hematopoietic cell lineages ( Figure 1C ). Alternatively, we used Stim1 fl/fl Stim2 fl/fl Vav-Cre mice in which Stim1 and Stim2 are constitutively deleted in hematopoietic cells ( Figure S2 ). These mice are collectively referred to as Stim1/2 −/− mice. Deletion of Stim1/Stim2 did not affect the development of myeloid cells in the BM (Figures S2A and S2B) despite completely abolished SOCE ( Figures S2C-S2E ) consistent with previous findings (Vaeth et al., 2015) . We tested SOCE in BM progenitor cells of Stim1 fl/fl Stim2 fl/fl Mx1-Cre mice.
Stimulation of wild-type (WT) BM progenitor cells with the SERCA inhibitor thapsigargin, which induces depletion of Ca 2+ from ER stores and SOCE, resulted in robust Ca 2+ signals whereas BM progenitor cells from Stim1 fl/fl Stim2 fl/fl Mx1-Cre mice completely lacked SOCE ( Figure 1D ).
To induce T-ALL, BM progenitor cells from WT and Stim1/2 −/− mice were transduced with ICN1-IRES-GFP and injected into irradiated WT host mice. Mice that received either WT or Stim1/2 −/− ICN1 + BM progenitors developed T-ALL as indicated by the presence of GFP + cells in their BM and spleen 14 days after transfer. GFP + cells expressed cytoplasmic CD3 (cyCD3) (Figure 1E ), together with cell-surface expression of both CD4 and CD8 coreceptors ( Figure 1F ), indicating that they are leukemic T lymphoblasts. The frequencies of cyCD3 + and CD4 + /CD8 + leukemic T lymphoblasts were similar in mice with WT and Stim1/2 −/− leukemia ( Figures 1E and 1F ). GFP + leukemic cells originated from the transferred progenitor cells as leukemic cells from the WT cohort showed robust SOCE, whereas those from the Stim1/2 −/− cohort lacked SOCE ( Figure 1G ). These findings indicated that SOCE is not required for ICN1-induced T-ALL development. Nevertheless, mice with Stim1/2 −/− leukemia lost significantly less weight compared with mice in the WT cohort, suggesting that SOCE in leukemic cells promotes cancer-associated cachexia ( Figure  1H ). Importantly, mice in the Stim1/2 −/− cohort survived significantly longer than did those in the WT group (31 vs. 58.5 days) ( Figure 1I ). It is noteworthy that prolonged survival of the Stim1/2 −/− cohort was independent of whether Stim1/2 −/− progenitor cells were derived from poly(I:C)-treated Stim1 fl/fl Stim2 fl/fl Mx1-Cre or Stim1 fl/fl Stim2 fl/fl Vav-Cre mice (Figures S2F and S2G) . We conclude that SOCE exacerbates the severity of T-ALL but is dispensable for T-ALL development.
Survival Benefit in STIM1/STIM2-Deficient Leukemia Is Unrelated to Effects of SOCE on Leukemic Cell Numbers, Proliferation, and Viability
To understand how SOCE affects T-ALL severity and progression, we analyzed tumor cell numbers and viability in the BM and spleen of mice with WT and Stim1/2 −/− leukemia.
Neither the frequencies (Figures 2A and 2B ) nor the absolute numbers ( Figures 2C and 2D ) of GFP + leukemic cells in the BM and spleen significantly differed between the two cohorts during the first 3 weeks of disease. However, at a later stage of leukemia, immediately before the death of WT mice (on day 24), we observed a sudden decline in leukemic cell numbers in the BM and spleen of the WT, but not the Stim1/2 −/− group (Figures 2A-2D ). In fact, the total numbers of Stim1/2 −/− leukemic cells in the BM remained constant from day 24 to 46 of disease and increased by more than 4-fold in the spleen ( Figures 2C and 2D ), resulting in a doubling of the spleen weight ( Figure 2E ). By day 46, all mice with WT leukemia had already succumbed to disease. To understand the cause of the sudden loss of WT but not Stim1/2 −/− leukemic cells around day 24, we investigated the role of SOCE in the proliferation and apoptosis of leukemic T lymphoblasts. Similar percentages of proliferating Ki-67 + cells were observed in Stim1/2 −/− compared to WT leukemic cells at day 10 of disease, whereas a moderate increase in proliferation of Stim1/2 −/− leukemic cells was observed at days 14 and 21 ( Figure 2F ). We further analyzed the numbers of Annexin-V + apoptotic leukemic cells in the BM and spleen of mice, but did not observe a significant difference in the frequencies of apoptotic cells in mice with WT and Stim1/2 −/− leukemia on days 14 and 21 ( Figure 2G ). Collectively, these data demonstrate that SOCE does not have a strong effect on the proliferation or apoptosis of leukemic cells that could explain the sudden loss of WT leukemic cells and the survival benefit of mice with Stim1/2 −/− leukemia.
STIM1/STIM2 Deficiency Protects Mice from Leukemia-Induced Tissue Damage
To investigate why Stim1/2 −/− leukemia is less aggressive and results in prolonged survival, we analyzed the organs of mice infiltrated by leukemic cells. H&E stained sections of organs from mice with WT leukemia on day 24 of disease revealed extensive necrosis in the BM and granulomatous-like lesions with lympho-histiocytosis in the spleen ( Figure 3A ).
Residual foci of leukemic cells were found within the areas of tissue damage. By contrast, no signs of necrosis or granulomatous-like lesions were apparent in the BM or spleen of mice with Stim1/2 −/− leukemia ( Figure 3A) . Their organs were filled with monotonous lymphoid cells consistent with leukemic cells and the dominance of GFP + cells observed by flow cytometry (Figures 2A and 2B ). Although the massive infiltration of leukemic cells into the BM and spleen of mice with Stim1/2 −/− leukemia effaced the overall normal tissue architecture, residual hematopoiesis was markedly reduced but detectable as evident from the presence of megakaryocytes ( Figure 3A) . Consistent with the collapse of leukemic cell counts in the organs of animals with WT leukemia on day 24, cells isolated from their BM and spleen showed reduced viability compared to cells isolated from mice with Stim1/2 −/− eukemia ( Figures 3B and 3C ). To investigate death of leukemic cells in intact BM tissues, we stained femur sections with an antibody against CD3 to detect leukemic cells and used terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL) to mark dead cells. Mice with WT leukemia showed a gradual increase in the frequency of TUNEL + cells from day 14 to 24 of disease ( Figure 3D ). By contrast, only few TUNEL + cells were observed in the BM of mice with Stim1/2 −/− leukemia even on day 46 of disease ( Figure   3D ). Similar observations were made in the spleen ( Figure S3 ). We conclude that suppression of SOCE in T-ALL cells preserves the viability of leukemia-infiltrated organs such as BM and spleen.
No Anemia in Mice with Stim1/2 −/− Leukemia A common complication in patients with ALL is anemia, which has been attributed to a decline in erythropoiesis in the leukemic BM (Steele and Narendran, 2012) . Because of the extensive BM necrosis in mice with WT but not Stim1/2 −/− leukemia, we investigated the impact of T-ALL on erythroid precursor cells and erythropoiesis. The frequencies and especially the absolute numbers of large (FSC hi ) Ter119 + erythroblasts were significantly reduced in the BM and spleen of mice with WT leukemia at an advanced stage of leukemia (days 21-24) compared to mice with Stim1/2 −/− leukemia or WT mice without leukemia (Figures 4A and 4B) . Severely compromised erythropoiesis in the WT cohort resulted in anemia characterized by a progressive reduction of hemoglobin levels, which was less pronounced in mice with Stim1/2 −/− leukemia ( Figure 4C ). It is noteworthy that although erythropoiesis in the BM of mice with Stim1/2 −/− leukemia eventually also declined by day 46 ( Figure 4A ), their spleen continued to be a site of active erythropoiesis ( Figure 4B ). Therefore, in contrast to the WT cohort, mice with Stim1/2 −/− leukemia maintained their hemoglobin levels until day 46 of disease (except for an initial decrease at day 14 that likely results from the irradiation of host mice) ( Figure 4C ). Taken together, deletion of STIM1/ STIM2 in leukemic cells protects mice from leukemia-associated suppression of erythropoiesis and anemia, which likely contribute to the death of mice with WT T-ALL.
Deletion of STIM1 and STIM2 Prevents Leukemia-Associated Inflammation
Given the extensive BM necrosis in mice with WT but not Stim1/2 −/− T-ALL despite similar leukemic cell burdens in both cohorts, we hypothesized that SOCE enables WT leukemia cells to cause inflammation and tissue damage. In non-malignant T cells, SOCE is required for the production of cytokines (Feske, 2007) , and their ability to cause inflammation in animal models of multiple sclerosis (Kaufmann et al., 2016; Ma et al., 2010; Schuh-mann et al., 2010) , colitis , and graft-versus-host disease (Vaeth et al., 2017) . We observed an increased presence of neutrophils in blood smears of mice with WT leukemia on day 24, which was absent in mice with Stim1/2 −/− leukemia even at later stages (day 46) of disease ( Figure 5A ). H&E-stained BM sections from late stage (day 24) WT leukemia showed macrophages engulfing red blood cells (RBCs) ( Figure 5B), which were absent in the BM of the Stim1/2 −/− cohort. Phagocytosis of RBCs is a pathologic sign of immune hyperactivation reminiscent of hemophagocytic lymphohistiocytosis (HLH) (Filipovich, 2009 ). We found increased frequencies and total numbers of CD11b + F4/80 + macrophages in the BM and spleen of mice with WT compared to Stim1/2 −/− leukemia ( Figures 5C and 5D ). Tumor-associated macrophages (TAMs) have been described in many types of cancers, where they promote cancer growth through their ability to produce inflammatory and immunomodulatory cytokines (Solinas et al., 2009 ). We therefore measured cytokine levels in the serum of leukemic mice and observed progressively increasing inflammatory cytokine concentrations in the WT cohort over the course of disease ( Figure 5E ). This cytokine response was strongly reduced or delayed until day 46 of disease in mice with Stim1/2 −/− leukemia. In particular, the proinflammatory cytokines interferon γg (IFNγ), tumor necrosis factor α (TNF-α) and interleukin-17 (IL-17) were significantly decreased in the serum of mice with Stim1/2 −/− compared to WT leukemia. Similar reductions were observed for IL-4 and IL-10. Collectively, these data suggest that murine T-ALL cells require SOCE to induce inflammation in leukemia-infiltrated organs.
SOCE Intrinsic to Leukemic T Lymphoblasts Promotes Inflammation and Tumor Progression
Our findings indicated that SOCE plays a major role in T-ALL associated tissue damage, inflammation, and anemia. To induce T-ALL, however, we had cotransferred ICN1-transduced WT or Stim1/2 −/− BM progenitor cells together with WT BM cells to reconstitute the immune system of the irradiated host mice ( Figure 1A ). In this model, nontransduced BM progenitors of WT or Stim1/2 −/− origin also contribute to immune system reconstitution and we therefore could not exclude that the delayed mortality of mice with Stim1/2 −/− T-ALL was due to deletion of STIM1 and STIM2 in the reconstituted immune cells rather than the leukemic T cells. To test the specific effect of SOCE in T-ALL cells themselves on the leukemia phenotype and survival, we induced T-ALL using two additional approaches. In the second approach, we first induced T-ALL as described above by transducing c-kit + lin -BM progenitor cells from WT and Stim1/Stim2 fl/fl Vav-cre (Stim1/2 −/− ) mice with ICN1 and injecting them into irradiated WT host mice ( Figure 6D ). Next, we purified GFP + leukemic cells from the spleen and BM by cell sorting (Figures S4A and S4B) and injected them into sublethally irradiated WT mice to generate secondary leukemia. Host mice injected with WT leukemic cells lost weight and died on average after 20 days (Figures 6E and 6F) . By contrast, host mice injected with Stim1/2 −/− leukemic cells did not lose weight and died on average after 49 days. This 2.5-fold prolonged survival occurred despite an increased leukemic burden in host mice injected with Stim1/2 −/− compared toWT leukemic cells at day 21 ( Figure 6G ). Histological analysis of host mice at day 21 after leukemic cell transfer showed pronounced necrosis and serous atrophy in the BM and prominent granulomatous-like infiltrates in the spleens of mice that had received WT leukemic cells, whereas recipients of Stim1/2 −/− leukemic cells did not show these changes ( Figure 6H ). Recipients of WT, but not of Stim1/2 −/− , leukemic cells also had reduced numbers of Ter119 + FSC hi erythroid progenitor cells in BM and spleen (Figures 6I and 6J) suggesting that SOCE in leukemic cells impairs erythropoiesis. Accordingly, we observed more profound anemia in the WT than the Stim1/2 −/− leukemia cohort, which was apparent by reduced hemoglobin levels ( Figure 6K ), red blood cell counts and hematocrit ( Figure S4C ). In addition, mice with WT leukemia also had a higher percentage of monocytes in their peripheral blood compared to the Stim1/2 −/− leukemia cohort ( Figure 6L ). Collectively, these findings demonstrate that the protective effects of STIM1 and STIM2 deletion in T-ALL are intrinsic to the leukemic cells and not caused by the lack of SOCE in the nonmalignant host immune cells.
SOCE Regulates the Transcription of Proinflammatory Genes in Leukemic Cells
To gain insight into the molecular regulation of SOCE-dependent inflammation in T-ALL, we investigated gene expression in WT and Stim1/2 −/− GFP + leukemic cells isolated from the BM on day 21 of disease. The expression of hundreds of genes was dysregulated in Stim1/2 −/− compared to WT leukemic cells (p < 0.05, >2-fold change in expression) ( Figure   7A ). Because intracellular Ca 2+ signals modulate the expression of NOTCH1-regulated genes (Ouyang et al., 2014; Roti et al., 2013) , we first analyzed how lack of SOCE affects the expression of NOTCH1 target genes in ICN1-expressing leukemic cells. The mRNA levels of Dtx1, Hes5 and Hey family members were significantly reduced in Stim1/2 −/− compared to WT leukemic cells, whereas the expression of Gata3, Nrap and Ifi204 was comparable ( Figure 7B ; data not shown). By contrast, expression of Myc, an important NOTCH1 target gene in T-ALL, was increased 2-fold in Stim1/2 −/− compared to WT leukemic cells ( Figure 7B ), which may explain the moderately increased proliferation of Stim1/2 −/− compared to WT leukemic cells at days 14 and 21 of disease ( Figure 3A ). These findings suggest that SOCE promotes the expression of many NOTCH1 target genes (with the exception of Myc), at least under conditions of constitutive NOTCH1 signaling by ectopically expressed ICN1. A further unbiased pathway analysis of differentially expressed genes (DEGs) in leukemic cells showed an upregulation of pathways associated with cell cycle, chromosome segregation, DNA repair and microtubules in Stim1/2 −/− compared to WT leukemic cells, whereas pathways associated with the regulation of antiviral and innate immune responses were strongly downregulated ( Figure 7C ). Consistent with the later finding, gene set enrichment analysis (GSEA) revealed downregulation of genes associated with prion-flammatory cytokines and type I interferon responses in Stim1/2 −/− leukemic cells ( Figures 7D-7J ). We observed a profound reduction in the expression of genes associated with IFNγ signaling in Stim1/2 −/− T-ALL cells, including IFNγ itself ( Figure  7D ), which is consistent with reduced IFNγ levels in the serum of mice with Stim1/2 −/− leukemia ( Figure 5E ). In addition, many interferon regulatory factors (IRFs), such as Irf1-2 and Irf7-9, and IFNγ-induced guanylate binding proteins (GBPs), such as Gbp1, Gbp2, and Gbp4-7, were downregulated in Stim1/2 −/− leukemic cells ( Figure 7E ), demonstrating the absence of an IFNγ-driven inflammatory immune response in mice with Stim1/2 −/− leukemia. IFNγ, which is normally produced by CD4 + T helper 1 (Th1), CD8 + , and natural killer (NK) cells, is critical for the activation of macrophages and their ability to present antigen, kill phagocytosed pathogens and produce proinflammatory cytokines, such as IL-12 or IL-18. The decreased IFNγ response by Stim1/2 −/− leukemic cells is consistent with the reduced numbers of F4/80 + Cd11b + macrophages ( Figures 5C and 5D ) and absent signs of hemophagocytosis ( Figure 5B) in mice with Stim1/2 −/− compared to WT leukemia. Stim1/2 −/− leukemic cells also lacked expression of many genes associated with cytokine signaling ( Figure 7F ). Of the cytokines whose levels were decreased in the serum of mice with Stim1/2 −/− leukemia, only TNF-a and IL-10 were expressed by leukemic cells and lower in the Stim1/2 −/− than the WT cohort ( Figure 7G ). Furthermore, levels of IL-16, IL-22, IL-34, and colony-stimulating factor 1 (CSF-1) were decreased in Stim1/2 −/− compared to WT leukemic cells ( Figure 7G ). Of these cytokines, IL-16 was expressed most highly in WT leukemic cells, consistent with its role as a lymphocyte-derived chemoattractant that recruits and activates monocytes, eosinophils, and dendritic cells and the increased numbers of macrophages in the BM of mice with WT leukemia ( Figures 5C  and 5D ). Besides IL-16, other chemokines mediate the recruitment of TAMs to tumors. We detected the expression of six chemokines in WT leukemic cells, of which four (CCL6, CCL9, CXCL9, and CXCL10) were significantly reduced in Stim1/2 −/− leukemic cells ( Figure 7G ). The chemokine most highly expressed in WT leukemic cells that showed the largest defect in Stim1/2 −/− T-ALL cells was CCL6, a monocyte attractant chemokine that induces inflammation (LaFleur et al., 2004) . Many cytokines signal via JAK/ STAT pathways that are critical for lymphocyte activation, differentiation, and proliferation (Rawlings et al., 2004) . Several hematopoietic malignancies are associated with constitutive activation of JAK/STAT signaling (Vainchenker and Constantinescu, 2013) and persistent activation of STAT3 mediates tumor-promoting inflammation (Yu et al., 2009) . We found that expression of all three JAK kinases and of STAT3 was significantly impaired in Stim1/2 −/− compared to WT leukemic cells ( Figure 7G ). These data suggest that blunted cytokine and chemokine signaling in Stim1/2 −/− T-ALL cells contributes to reduced leukemia-induced inflammation in these mice. In addition to cytokines, GSEA showed a broad and strong reduction in IFNα and IFNβ response signatures in Stim1/2 −/− compared to WT leukemic cells ( Figure 7H ). This included several IRFs (Irf1, Irf2, Irf7, and Irf9), GBPs and other interferon-induced genes such as Ifitm1, Ifi1 and Ifi44 ( Figure 7I ). By contrast, the expression of type I IFN receptors (IFNAR1, IFNAR2) that mediate IFNα/β signaling was comparable on Stim1/2 −/− and WT leukemic cells. The strongly impaired type I IFN signature in Stim1/2 −/− leukemic cells correlates with the lack of inflammation in leukemia infiltrated organs of Stim1/2 −/− leukemic mice. Activation of tissue remodeling pathways has been reported in association with tumor-induced inflammation in various cancers (Johnsen et al., 1998) . The analysis of DEG in leukemic cells revealed a significantly decreased expression of matrix metalloproteases (MMP) and a disintegrin and metallopeptidase domain (ADAM) family members, which are involved in the degradation of extracellular matrix (Page-McCaw et al., 2007) , in Stim1/2 −/− compared to WT leukemic cells ( Figure 7J ). Furthermore, expression of several S100 family members, which promote tumor growth and metastasis by inducing inflammation and tissue remodeling (Bresnick et al., 2015) , was significantly decreased in Stim1/2 −/− leukemic cells. These findings indicated that SOCE regulates genes involved in tissue remodeling and inflammation in leukemic T lymphoblasts. Taken together, our data demonstrate that SOCE regulates several pathways associated with cancer-induced inflammation including production of cytokines, chemokines, and tissue remodeling factors that promote the recruitment and activation of myeloid cells, inflammation, and cell death, which in turn induce a type I interferon response in tumor infiltrated tissues. Deletion of SOCE in leukemic T lymphoblasts suppresses these pro-inflammatory pathways and prevents inflammation-induced tissue damage and death of mice from NOTCH1-driven T-ALL.
DISCUSSION
Here, we show that abolishing SOCE in leukemic T cells by deletion of Stim1 and Stim2 results in prolonged survival of mice with T-ALL. Although leukemic burdens were not affected in the absence of SOCE, there was a striking difference between organs infiltrated with SOCE-competent or SOCE-deficient leukemic cells. Whereas mice with WT leukemia showed severe inflammation of leukemia-infiltrated organs, inflammation was absent in mice with Stim1/2 −/− leukemia. The necroinflammatory process in WT leukemic mice was associated with impaired erythropoiesis, anemia, expression of proinflammatory cytokines and chemokines, and a type I interferon response. Collectively, our study demonstrates that T-ALL is associated with inflammation in leukemia-infiltrated organs, tissue damage, and suppression of erythropoiesis, which is dependent on SOCE in leukemic T lymphoblasts.
The proinflammatory function of SOCE in non-malignant T cells is well established through work by us and others (Kaufmann et al., 2016; Kim et al., 2014; Ma et al., 2010; Schuhmann et al., 2010) . A similar role of SOCE in malignant T lymphoblasts, however, has not been reported. The protective effects of deleting STIM proteins and SOCE from tumor-associated inflammation, T-ALL progression and death were intrinsic to the leukemic T lymphoblasts themselves and not due to impaired SOCE in non-malignant immune cells. Secondary transfer of Stim1/2 −/− T-ALL cells into WT mice resulted in significantly prolonged survival of mice compared to transfer of WT leukemic cells. Similarly, transfer of ICN1-transduced WT progenitor cells into either WT or Stim1/2 −/− mice resulted in the same fast leukemia progression and death of hosts, whereas transfer of Stim1/2 −/− ICN + progenitor cells resulted in slower disease progression.
Inflammation is a common feature of many solid and hematological malignancies and is widely recognized as an important factor in tumor development, progression, metastasis, and resistance to treatment, for instance through its ability to suppress antitumor immune responses (Grivennikov et al., 2010; Shalapour and Karin, 2015) . By contrast, inflammation and necrosis of leukemia-infiltrated tissues are not widely recognized as a feature of T-ALL or NOTCH1-driven mouse models of T-ALL. However, multiple studies have reported BM necrosis associated with leukemia. For instance, BM necrosis was observed in 3.2% of ALL patients and was associated with a poor treatment response and prognosis (Badar et al., 2015) . ALL patients with BM necrosis had complete remission rates of 70% compared to 92% in ALL patients without BM necrosis. The fact that deletion of STIM1 and STIM2 completely prevents BM necrosis in ICN1-induced T-ALL suggests that inhibition of SOCE is a possible therapeutic approach in patients with ALL and BM necrosis that otherwise have a poor prognosis. Our findings are consistent with recent studies that emphasize the complex interaction between leukemic cells and specific niches in various organs that have profound effects on leukemia biology including disease development and outcome (Chiarini et al., 2016; Hawkins et al., 2016; Passaro et al., 2015; Pitt et al., 2015) .
Inflammation in mice with T-ALL was characterized by several SOCE-dependent hallmarks:
1. T-ALL in the WT, but not the Stim1/2 −/− , cohort was associated with increased numbers of neutrophils and monocytes in the blood and TAMs in leukemia-infiltrated tissues. TAMs establish a local inflammatory environment that supports cancer growth, angiogenesis, and metastasis, and their presence is strongly correlated with a poor cancer prognosis (Solinas et al., 2009) . Consistent with increased TAM infiltration, we detected hemophagocytosis in mice with WT leukemia, which likely contributes to their anemia. Hemophagocytosis is usually seen in hyperactive immune reactions such as systemic HLH. Whereas primary HLH is a rare genetic disorder caused by defects in the degranulation of T or NK cells resulting in ineffective clearance of infection and immune hyperactivation (Otrock and Eby, 2015) , secondary HLH is associated with certain infections or malignancies including T-ALL (Falini et al., 1990; O'Brien et al., 2008; Otrock and Eby, 2015; Su et al., 1993; Trebo et al., 2005) . Importantly, we did not observe hemophagocytosis in the BM of mice with Stim1/2 −/− leukemia, suggesting that SOCE in leukemic cells is required for TAM recruitment and/or activation.
2. The expression of proinflammatory cytokines and chemokines was elevated in WT, but not (or to a lesser degree) in Stim1/2 −/− , leukemic T lymphoblasts. This included IFNγ, which is normally produced by CD4 + Th1 and CD8 + T cells and whose main function is to activate macrophages. The reduced levels of IFNγ protein in the serum and IFNγ mRNA in leukemic T lymphoblasts is consistent with the lack of hemophagocytosis in Stim1/2 −/− leukemic mice. Furthermore, our global gene expression analysis in T-ALL cells revealed that many inflammation-associated cytokines and chemokines required to recruit TAMs were significantly downregulated in STIM1/2-deficient leukemic cells. Among these were IL-16, IL-34, and CSF-1. IL-16 is a lymphocyte-derived chemoattractant that recruits and activates monocytes, eosinophils, and dendritic cells and IL-34 functions as a monocyte growth stimulatory factor. CSF-1 is critical for TAM expansion in tumors; inhibition of the CSF-1 receptor in tumor-bearing mice prevents TAM infiltration and has been investigated as a therapeutic approach in patients with refractory Hodgkin lymphoma (von Tresckow et al., 2015) . In addition, we found that CCL6 and CCL9 are highly expressed in WT, but not Stim1/2 −/− , leukemic cells. CC chemokines are major determinants of TAM infiltration into tumors based on studies of melanoma, carcinoma, glioma, and breast cancers (Lewis and Pollard, 2006; Murdoch et al., 2004) . CCL6 is a proinflammatory chemokine that attracts monocytes and promotes tumor metastasis (LaFleur et al., 2004) . Collectively, the reduced expression of chemokines and of IL-16, IL-34, and CSF1 is consistent with the decreased numbers of F4/80 + Cd11b + macrophages in theBMof mice with Stim1/2 −/− leukemia and an important proinflammatory role of SOCE in leukemic cells via the recruitment and activation of TAMs into leukemia-infiltrated tissues.
3. WT, but not Stim1/2 -/-, leukemic T lymphoblasts featured a type I interferon response gene expression signature. The expression of IFNα and IFNβ is regulated by IRFs in response to danger-associated molecular patterns (DAMPs), such as nucleotides released from necrotic tumor cells. IFNα and IFNβ signal through IFNAR1 and IFNAR2 and control expression of a variety of interferon response genes. Depending on the biological context, type I interferons were shown to have anti-or protumor effects. Impaired production of type I interferons results in immune evasion and enhanced progression of several types of cancer (Bidwell et al., 2012; Katlinski et al., 2017; Zitvogel et al., 2015) . In chronic myeloid leukemia (CML), other types of leukemia (Cull et al., 2003; Quesada et al., 1984) , and lymphoma (Armitage et al., 2006; Aviles et al., 2015; Olsen, 2003) , type I interferons have been shown to possess strong anti-tumor effects and were a first line treatment before the era of kinase inhibitors (Bonifazi et al., 2001; Kantarjian et al., 2003) . In Stim1/2 −/− leukemic T lymphoblasts, type I interferon response genes were strongly downregulated despite normal expression of IFNAR1 and IFNAR2, suggesting that IFNα and IFNβ levels are low in Stim1/2 −/− leukemic mice. Given the generally tumor-suppressing role of type I interferons and the downregulation of type I interferon responses in Stim1/2 −/− leukemic T lymphoblasts, it was surprising to find prolonged survival of mice with Stim1/2 −/− T-ALL.
However, type I interferons can also promote tumor growth as has been demonstrated in several tumor types. A recent study showed that type I interferons promote stemness of cancer cells as well as resistance to therapy and poor outcome in adenocarcinomas and squamous cell carcinoma (Qadir et al., 2017) . In human glioblastoma, increased expression of IRF7 led to a more aggressive therapy resistant tumor and shorter overall survival of patients (Li et al., 2017) . Likewise, in viral infections such as influenza excessive type I IFN responses can have detrimental effects with increased inflammation and cell death that are associated with increased mortality (Iwasaki and Pillai, 2014) . The role of IFNα and IFNβ in T-ALL has not yet been defined. Our finding of a strong type I interferon signature in WT, but not Stim1/2 −/− , T-ALL cells suggests that IFNα and IFNβ are produced in the leukemiainfiltrated tissues, in response to SOCE-dependent inflammation and cell death, where they may modulate T-ALL progression.
Recent reports have shown an important link between Ca 2+ homeostasis in the ER and T-ALL (Ouyang et al., 2014; Roti et al., 2013) . Deletion of all three IP 3 R homologs in T cells, which prevents Ca 2+ release from the ER, causes spontaneous T-ALL development that is associated with increased NOTCH1 expression (Ouyang et al., 2014) . By contrast, inhibition of SERCA pumps to prevent reuptake of Ca 2+ from the cytosol into the ER decreased ICN1 levels, induced a G0/G1 arrest in NOTCH1-mutated human leukemia cells and attenuated tumor growth in two human xenograft models of T-ALL (Roti et al., 2013) . Together, these studies suggest that Ca 2+ release from the ER suppresses leukemia likely by interfering with NOTCH1 signaling. Importantly, ER Ca 2+ dynamics are coupled to SOCE because depletion of ER Ca 2+ stores promotes activation of STIM1, STIM2, and SOCE, which, in turn, mediates the refilling of ER Ca 2+ stores (Feske, 2007) . Here, we show that abolishing SOCE in leukemic T lymphoblasts prolongs the survival of mice with Stim1/2 −/− compared to WT T-ALL. The fact that interfering with SOCE, IP 3 R expression, or SERCA function affects the course of leukemia indicates that Ca 2+ signaling is a critical factor in T-ALL pathophysiology. However, inhibition of IP 3 R, SERCA, and STIM1/STIM2 function affects different aspects of T-ALL pathology. Whereas modulation of ER Ca 2+ homeostasis via inhibition of IP 3 R and SERCA function affected T-ALL development (Ouyang et al., 2014; Roti et al., 2013) , interfering with SOCE by deletion of STIM1/STIM2 did not have an overt effect on T-ALL development but instead attenuated inflammation in leukemia-infiltrated organs. These data suggest that the origin of Ca 2+ signals critically determines the effects on T-ALL.
Here, we propose a model in which leukemic T lymphoblasts cause a necroinflammatory response in the organs they infiltrate. This response is dependent on SOCE, which controls the expression of proinflammatory cytokines and chemokines, such as INFg, IL-16, CCL6, and others that recruit TAMs into the leukemia-infiltrated tissues. Activated TAMs amplify inflammation, cause tissue damage, and mediate hemophagocytosis, resulting in impaired erythropoiesis and anemia. Tissue necrosis and the death of leukemic cells result in the release of nucleic acids that act as danger signals and cause the production of type I interferons by cells in leukemia-infiltrated organs, which further exacerbates inflammation. In the absence of SOCE, leukemic T lymphoblasts fail to produce chemokines and cytokines that would normally recruit and activate TAMs, resulting in attenuated inflammation and a suppressed type I interferon response. Our findings shed light on the pathogenesis of T-ALL and provide a rationale for targeting SOCE as a therapeutic approach to improve the longterm outcome of T-ALL through the suppression of detrimental leukemia-induced inflammation. 
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Further information and request for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Stefan Feske (feskes01@nyumc.org). The mouse lines described in this study are available from our laboratory and require a Material Transfer Agreement.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
MICE-Stim1 fl/fl Stim2 fl/fl Mx1-Cre and Stim1 fl/fl Stim2 fl/fl Vav-Cre mice have been described previously (Vaeth et al., 2015) . All mice were on the C57BL/6 background. Mice were maintained under specific pathogen free conditions in accordance with institutional guidelines for animal welfare approved by the Institutional Animal Care and Use Committee at New York University School of Medicine
METHOD DETAILS
Cells, cell culture and production of retroviral supernatants Platinum E (Plat-E) cells for retroviral packaging were cultured in DMEM medium (Mediatech) supplemented with 10% (v/v) fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/ml streptomycin (all from Mediatech) at 37°C, 10% CO 2 . Retroviral supernatant was produced by co-transfecting Plat-E packing cells with ICN1-IRES-GFP and pCL-10A1 retroviral packing constructs using the GenJET transfection reagent (SignaGen) according to the manufacturer's instructions. Supernatants were collected 2 and 3 days later and concentrated using Amicon Ultra-15 centrifugal filters (Merck Millipore).
Plasmids and Reagents
The MSCV-based ICN1-IRES-GFP vector (Li et al., 2008) and the retroviral packaging construct pCL-10A1 (Miller and Chen, 1996) have been previously described.
Flow cytometry
Fluorescently conjugated antibodies against mouse CD3 (17A2), CD4 (GK1.5), CD5 (53-7.3), CD8 (53-6.7), CD11b (M1/70), CD71 (R17217), B220 (RA3-6B2), Gr-1 (RB6-8C5) and Ter-119 (TER-119) (all from eBiosciences), F4/80 (BM8), Ki-67 (16A8) and Annexin V (all from Biolegend) were used. Surface staining was performed on freshly isolated cells in phosphate buffered saline (PBS). Apoptosis was assessed using an Annexin-V staining kit (Biolegend). Intracellular CD3 and Ki-67 staining was performed using a Foxp3 permeabilization kit (eBioscience). All stains were done using 2 μg/ml of antibody. Cell viability was assessed by flow-cytometry by measuring forward scatter (FSC) and side scatter (SSC) of isolated bone marrow and spleen cell suspensions after lysis of erythrocytes in hypotonic buffer. Briefly, FSC low /SSC low cells were defined as cell debris and excluded from the analysis. FSC high / SSC high cells were defined as viable, whereas FSC low /SSC high cells as necrotic or late apoptotic. Percent of viable cells was defined as percent of FSC high /SSC high in the SSC high population. Flow cytometry was conducted using a LSRII flow cytometer and FACSDiva software (BD Biosciences). Data were further analyzed with FloJo software (Tree Star). were injected i.p. with 10 mg/g body weight poly(I:C) (Sigma Aldrich) every other day for one week, followed by a one month resting period. Deletion of the loxP-flanked exons in Stim1 and Stim2 was confirmed by genomic PCR (Vaeth et al., 2015) and deletion efficiency by measuring SOCE in hematopoietic lineages. BM progenitor cells were isolated from the BM using the EasySep mouse CD117 (cKIT) positive selection kit (StemCell Technologies, Inc.). BM progenitor cells were plated in a density of 1×10 6 cells/ml and cultured in OPTI-MEM media (GIBCO) supplemented with 10% FBS (v/v) in the presence of 10 ng/ml IL-6, 10 ng/ml IL-7, 50 ng/ml FLT3-L and 50 ng/ml SCF (all from Peprotech). On days 1 and 2 after isolation, BM progenitor cells were transduced with concentrated retroviral supernatant containing pseudotyped ICN1-IRES-GFP plasmids in the presence of 6 μg/ml polybrene (Sigma Aldrich) using a spin infection protocol (2500 rpm, 30°C, 90 minutes). On day 4 after isolation, BM progenitor cells were stained with antibodies against CD3, CD4, CD5, CD8, CD11b, B220, Ter119 and Gr-1 to determine the frequency of ICN1 transduced (GFP + ) lineage negative (Lin -) BM progenitor cells (CD3 -CD4 -CD5 -CD8 -CD11b -B220 -Ter119 -Gr-1 -). 5×10 4 GFP + Lin -cells were co-transferred together with 5×10 5 freshly isolated BM cells from wild-type (WT) C57BL/6 donors into lethally irradiated (1100 cGy) 6-8 weeks old female WT host mice by retro-orbital injection. Alternatively, for experiments shown in Figures 6A-6C leukemic cells were isolated from the spleen and BM of leukemic mice on day 8 after leukemia induction as shown in Figure 6D and enriched for GFP + leukemic cells by flow cytometry. 1×10 5 GFP + cells were transferred into sublethally irradiated (600 cGy) female WT host mice by retroorbital injection to induce leukemia. Mice were analyzed for weight loss, survival and organ histopathology. (Feske et al., 2006) . Briefly, cells were loaded with 1 μM Fura-2-AM, plated onto UV-sterilized coverslips coated with poly-Llysine and analyzed by time-lapse imaging on an IX81 epifluorescence microscope (Olympus). After stimulation with 1 mM thapsigargin in Ca 2+ -free Ringer solution, cells were perfused with Ringer solution containing 2 mM Ca 2+ . F340/F380 emission ratios of Fura-2 were recorded every 5 s for 10 min. All experiments were performed at room temperature (22-25°C). Analysis of > 20 cells per experiment was conducted using Slidebook imaging software v4.2.
T-ALL model
Intracellular Ca 2+ measurements
Histology
Femurs, and spleen were dissected and fixed overnight in 4% paraformaldehyde. Samples were washed 3 times in PBS, dehydrated by incubation in 50% ethanol for 2h followed by overnight incubation in 70% ethanol. For bone samples, decalcification was performed by immersion in decalcification solution (10% disodium EDTA; pH 7.2) for two weeks, replacing the solution every other day. Samples were embedded in paraffin blocks, cut into 5 μm sections and stained with hematoxylin and eosin (H&E) using standard procedures. H&E stained tissue samples and Wright-Giemsa stained blood smears were analyzed using an Olympus BX53 light microscope at 400X magnification or using a SCN400 F slide scanner with SlidePath digital image hub software (Leica).
TUNEL staining and fluorescence microscopy
Immunohistochemistry was performed on paraformaldehyde-fixed, paraffin-embedded, 4-μm sections of spleens and decalcified femurs using unconjugated rabbit anti-mouse CD3 (clone 2GV6; Ventana Medical Systems Inc.). Immunofluorescence was performed on a Ventana Medical Systems Discovery XT instrument with online deparaffinization using Ventana's reagents and detection kits unless otherwise noted. Antigen retrieval was performed using pre-diluted Ventana Cell Conditioner 1 (Tris, EDTA, Borate pH 8.0) for 36 minutes. Endogenous peroxidase activity was blocked with hydrogen peroxide. Pre-diluted CD3 was applied for 30 minutes at 37°C. Primary antibody was detected with anti-rabbit horseradish peroxidase-conjugated multimer incubated for 8 minutes and then visualized with tyramide conjugated FITC. Slides were washed with instrument buffer and Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) was performed on the Discovery XT platform using the In Situ Cell Death TMR Detection Kit (Roche Diagnostics) following the protocol recommended by the manufacture with a modified reaction mixture incubation time of 2 hours at 37°C. Appropriate positive and negative controls were included with the study section. Images were captured on a Zeiss LSM 800 Meta confocal microscope using a 20X objective and analyzed using ImageJ (NIH) (Schneider et al., 2012) .
Cytokine measurements
Blood was collected by submandibular vein puncture into a sterile Eppendorf tube. Serum was isolated by centrifugation and used for analysis of serum cytokines using a multiplex assay and a custom MILLIPLEX MAG mouse cytokine / chemokine magnetic bead kit for the following cytokines IFNγ, IL-1a, IL-1β, IL-2, IL-4, IL-6, IL-10, IL12p70, IL-17, TNFα (cat.no. MCYTOMAG-70K-10; Millipore) according to the manufacturer's instructions. Cytokine levels were analyzed using a MAGPIX system (Luminex Corporation).
Blood smears
Blood was collected by submandibular vein puncture into an EDTA-containing tube for 2 types of analyses. First, blood smears were prepared by spreading 20 ul of blood on a glass slide. Slides were air-dried and stained twice with Wright-Giemsa stains. Second, a complete blood count (CBC) was acquired using an automated Hemavet 950 instrument (Drew Scientific) according to the manufacturer's instructions.
RNA sequencing and data processing
BM cells were isolated from leukemic mice (3 per cohort) 21 days after disease induction and GFP + cells were isolated using a cell sorter Moflo XDP. Total RNA was extracted using the RNeasy Micro Kit (QIAGEN). RNA quality and quantity were analyzed using a 2100 Bioanalyzer (Agilent) and PICO chip. Samples with an RNA integrity number (RIN) of > 9 were used for library preparation. RNaseq libraries were prepared using the TruSeq RNA sample prep v2 kit (Illumina), starting from 100 ng of DNase I (QIAGEN) treated total RNA with 15 PCR cycles and following the manufacturer's protocol. The amplified libraries were purified using AMPure beads (Beckman Coulter), quantified by Qubit 2.0 fluorometer (Life Technologies), and visualized in an Agilent Tapestation 2200. The libraries were pooled equimolarly, and loaded on the HiSeq 2500 Sequencing System (Illumina) and run as single 50 nucleotide reads generating about 30 million reads per sample. For gene expression analysis, reads were aligned to the NCBIM37 (iGenome) mouse genome using Bowtie software (Version 1.0.0) with 2 mismatches allowed. Uniquely-mapped reads were further processed by removing PCR duplicates with Picard MarkDuplicates (http:// broadinstitute.github.io/picard/). Transcripts were counted using HTSeq. Analysis of differential gene expression between WT and Stim1/2 −/− leukemic cells was performed separately for each sample using DESeq2 Bioconductor package in the R statistical programming environment. Differences in gene expression were considered significant if p < 0.05. Data are deposited in Gene Expression Omnibus (GEO) database.
QUANTIFICATION AND STATISTICAL ANALYSIS
All numerical results are reported as mean ± standard error of the mean (SEM). We used the Kaplan-Meier estimator for evaluating the statistical significance of the difference between the survival curves of mice. For all other experiments, the statistical difference between experimental groups was determined by two-tailed unpaired Student's t test assuming equal variance. Differences were considered significant for p < 0.05 (noted in the figures by an *). The exact sample size (n) is indicated in each figure and corresponds to individual animals unless otherwise stated.
DATA AND SOFTWARE AVAILABILITY
The GEO accession number for RNaseq data is GSE116776.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Cell numbers (A and B) and Hb levels (C) at days 21 and 24 of disease (D21/ D24) were combined. All values represented by bar graphs (A and B) and dot plots (C) are mean ± SEM. Statistical analysis was performed using Student's t test. *p < 0.05. 
